Animal manures are routinely applied to agricultural lands to improve crop yield, but the possibility to spread bacterial phytopathogens through field fertilization has not been considered yet. We monitored 49 cattle, horse, swine, sheep or chicken manure samples collected in 14 Polish voivodeships for the most important plant pathogenic bacteria -Ralstonia solanacearum (Rsol), Xanthomonas campestris pv. campestris (Xcc), Pectobacterium carotovorum subsp. carotovorum (Pcc), Pectobacterium atrosepticum (Pba), Erwinia amylovora (Eam), Clavibacter michiganensis subsp. sepedonicus (Cms) and Dickeya sp. (Dsp). All of the tested animal fertilizers were free of these pathogens. Subsequently, the growth dynamics of Pba, Pcc, Rsol, and Xcc in cattle, horse, swine, sheep and chicken manures sterilized either by autoclaving or filtration was evaluated. The investigated phytopathogens did not exhibit any growth in the poultry manure. However, the manure filtrates originating from other animals were suitable for microbial growth, which resulted in the optical density change of 0.03-0.22 reached within 26 h (48 h Rsol, 120 h Xcc), depending on bacterial species and the manure source. Pcc and Pba multiplied most efficiently in the cattle manure filtrate. These bacteria grew faster than Rsol and Xcc in all the tested manure samples, both the filtrates and the autoclaved semi-solid ones. Though the growth dynamics of investigated strains in different animal fertilizers was unequal, all of the tested bacterial plant pathogens were proven to use cattle, horse, swine and sheep manures as the sources of nutrients. These findings may contribute to further research on the alternative routes of spread of bacterial phytopathogens, especially because of the fact that the control of pectionolytic bacteria is only based on preventive methods.
INTRODUCTION
Manures that are routinely applied to agricultural lands maintain or improve crop yield by increasing the amount of organic matter in the soil, attaining its biological activity, but also boosting its chemical and physical properties (Haynes & Naidu, 1998) . According to agricultural census data (HMSO, 1993) , the annual production of livestock excreta equals roughly 190 million tonnes in the UK, of which approx. 80 million tonnes are collected within the farm buildings or yards. After proper handling and storage, natural fertilizers of value estimated at £200 mln per year on the basis of N, P and K contents are applied on the farmlands (Smith et al., 1998) . As reported by The British Survey of Fertilizer Practice, 18% of the tillage areas and 48% of the grasslands are subjected to organic fertilizer treatment (Burnhill et al., 1994) . Utilizing animal manures collected from feedlots and housed livestock has received renewed attention due to the growing interest in the disposal of wastes, also including sewage sludge or composed municipal wastes (Haynes & Naidu, 1998) . As stated by the United States Department of Agriculture Natural Resources Conservation Service, chicken broilers and dairy lactating cows produce over 80 lbs per day per 1000-lb animal unit of total manure, being more efficient in comparison to hogs and pigs, layer chicken, beef on high forage diet and turkeys that provide 63.1, 60.5, 59.1 and 43.6, respectively (USDA-NRCS, 1992). Total amount of N and P originating from manures dispersed at agricultural rates depends strongly on the animal source as well. Manure collected from chicken broilers is the richest source of both, N and P, yielding 1.10 and 0.34 lbs per day per 1000-lb animal unit of these elements. In contrast, excreta obtained from beef and dairy cows exhibit the lowest amounts of these elements: 0.31 and 0.45 of N, 0.11 and 0.07 of P (USDA-NRCS, 1992) . In addition, Sauerbeck (1982) demonstrated that the amount of C accumulated in soil vary considerably depending on the decomposition rate of the organic matter applied. It is worth mentioning that the water content of the manure and the labour needed for its collection are important factors affecting the preference of the farmyard manure used. Horse manure is considered to be the easiest to handle due to its low water saturation level, however, the process of gathering wetter material derived from pigs or cows does not require hand-collecting from the fields.
The major environmental concerns connected with applying farmyard manures focus on water and soil pollution resulting from direct discharge or runoffs. Most widely discussed issues involve leaching of N and P leading to aquatic eutrophication, residues of veterinary antibiotics and sheep-dips, odors exceeding tolerable levels, or bacterial, viral and protozoan contamination of the natural ecosystems (Hooda et al., 2000; Zhao et al., 2010; Jongbloed & Lenis, 1998 It was proven that the pig, cattle and poultry manures from intensive farming harbour pathogenic bacteria such as Escherichia coli, Listeria monocytogenes, Campylobacter spp. and Salmonella spp. (Kearney et al., 1993) . For example, strains of Salmonella sp. were isolated from pig slurry and it was shown that they retain viability in the manure for more than 30 months (Jones & Hall, 1975; Morse & Duncan, 1974) . Subsequent studies by Jones (1980) indicated that although 90% of Salmonella sp. cells die during the first two to four weeks of storage, still approx. 100 cells per gram of slurry remain alive (Jones, 1980) . In addition, Salmonella spp. were proven to sustain 4-30 weeks in chicken litter (Tucker, 1967) , 16-26 weeks on wheat (Crumrine & Foltz, 1967) , and up to 16 months in animal feed (Williams & Benson, 1978) . Lowering bacterial viability could be achieved by implementing mesophilic anaerobic digestion that was proven to be effective not only in reducing the organic content of slurry, but also in decreasing for instance the viable counts of Salmonella typhimurium by one logarithmic unit in 2 days within the pig-feed digesters (Olsen & Larsen, 1987) . The source and type of slurry, pH, temperature, concentration of volatile fatty acids, origin and species of the investigated microorganism have substantial effect on the survival of bacterial pathogens in anaerobic digesters (Tappouni, 1984) .
Besides considerable amount of data concerning the threat of spreading human and animal pathogens by applying pig, cattle or poultry manures on the arable lands, little is known about the impact of natural fertilizer treatment on dissemination of plant pathogenic bacteria. Many microorganisms that cause disease symptoms on plants under permissive conditions can also exist as epiphytes or saprophytes in plant tissues that are ingested by farmyard animals (Leben, 1974) . According to the best of our knowledge, there is no data on the survival of phytopathogenic bacteria within livestock intestines or on animal feed. In general, plant pathogenic bacteria are not thought to survive the composting or sewage treatment (Mikkelsen et al., 2006) . It was proven that they can persist in soil only for a limited period of time, while the moisture, temperature, pH, UV light and natural microbiota strongly affect their survival rate (Killham, 1994) .
Phytopathogens belonging to the species: Ralstonia solanacearum (Rsol), Xanthomonas campestris, Pectobacterium carotovorum and Pectobacterium atrosepticum (Pba) are listed within the top 10 plant pathogenic bacteria causing the most severe losses in plant cultivation (Mansfield et al., 2012) .
Rsol is a quarantine organism due to its lethality, persistence, wide host range and broad geographic distribution and needs to be eradicated by all means (Elphinstone, 2005) . The outcome of infection by this Gram(-) soil-borne bacterium includes yellowing, wilting, generalized necrosis and death of the host due to bacterial invasion of plant roots, cortical tissue and the vascular system. Control strategies against bacterial wilt employ integrated disease management strategies like planting pathogen-free material originating preferably from less susceptible host varieties or implementing the crop rotation system (Denny, 2007) .
Gram(-) Xanthomonas campestris pv. campestris (Xcc) is responsible for black rot in the crucifer family Brassicaceae. Characteristic symptoms of Xcc infections involve blackening of the plant tissues, chlorotic to necrotic lesions at the foliar margin in addition to subsequent wilting, stunting and rotting. Numerous epidemics have been reported worldwide, particularly aggravated in the developing regions of Africa and Asia due to the higher humidity and average temperatures (Qian et al., 2005) .
Pectinolytic pathogens formerly belonging to Erwinia spp. are now classified to the Dickeya and Pectobacterium genera. These Gram(-) rod-shaped necrotrophs degrade plant tissue via secretion of exoenzymes such as pectinases, proteases and cellulases (Hugouvieux-Cotte-Pattat et al., 1996) . Pba is believed to cause blackleg and soft rot only on potato, while P. carotovorum subsp. carotovorum (Pcc) and Dickeya spp. (Dsp) are responsible for severe soft rotting symptoms of many crops and ornamentals (Perombelon, 2002) . Importantly, no chemical or biological methods to eradicate these pathogens are commercially available, and the disease control is based only on the preventive measures (Czajkowski et al., 2011) . Severe economic losses caused by Pectobacterium and Dickeya spp. result from decreased crop yield reaching e. g. 20-25% in Israel (Tsror et al., 2009) or rejection of infected seed tuber lots, which adds up to 30 M € annually in the Netherlands (Toth et al., 2011) .
The first goal of this study was to monitor animal manures originating from small farms where the livestock was fed with the household own cultivation for the presence of bacterial phytopathogens. The next step was to evaluate in vitro the growth of plant pathogenic bacteria -Pba, Pcc, Rsol, and Xcc -in filtrates and semi-solid fractions of poultry, cattle, horse, swine, and sheep manures. To the best of our knowledge, research presented here is the first one trying to answer the question whether plant pathogenic bacteria can utilize fertilizers of animal origin as the sources of nutrients. The obtained data might contribute to revealing a possible way of phytopathogens' spreading in the fields.
MATERIALS AND METHODS
Bacterial strains, growth media and culture conditions. Strains of bacteria used in this study are listed in Table 1 . (Bertani, 1951) ; LA, LB + A; GF, Growth Factor medium (Agarwal et al., 1989) ; TZC medium, 2,3,5-triphenyl tetrazolium chloride (French et al., 1995) ; A, agar 15 g l -1 Animal fertilizers as potential sources of bacterial phytopathogens
The following growth media were used for conducting bacterial cultures: LB (Bertani, 1951) , GF (Agarwal et al., 1989) , and TZC (French et al., 1995) . Agar -15 g l -1 -was added to prepare the corresponding solid media. The media and growth conditions applied for the investigated plant pathogenic bacteria are presented in Table 1 .
Animal manure samples used in this study. To perform this research, 20 cattle, 12 horse, 6 swine, 10 sheep and 1 chicken raw manure samples were collected from 49 different agricultural holdings on the territory of 14 Polish voivodeships. Farmers involved in this research provided their livestock only with feed derived from their own crop production. Geographical location of the collected fertilizers and the animal origin of the manures are depicted in Fig. 1 . More detailed data on the investigated natural fertilizers are listed in the Supplementary Table 1 .
Monitoring of the manure samples for the presence of phytopathogens. Total genomic DNA was isolated from 49 manure samples using Genomic Mini AX Stool Kit (A&A Biotechnology, Gdynia, Poland) according to the manufacturer's guidelines. Then, 2x diluted DNA was used for specific single PCR-based detection of bacterial phytopathogens of interest. The following primer pairs targeting listed microorganisms were used: Y45/Y46 for Pba (Frechon et al., 1998) , ExpccF/ExpccR for Pcc (Kang et al., 2003) , ADE1/ADE2 for Dsp (Nassar et al., 1996) , Oli-1/Y2 for Rsol (Seal et al., 1993) , A/B for Eam (Bereswill et al., 1992) , PSA-1/PSA-R for Clavibacter michiganensis subsp. sepedonicus (Cms) (Pastrik, 2000) , and XCR/XCF for Xcc (Park et al., 2004) . Electrophoretic separation of the obtained amplicons was performed in 1.5% agarose gel soaked in 0.5x TBE buffer and the run lasted for 45 min at 100 V. Gels were stained with ethidium bromide and subsequently visualized utilizing Bio-Rad Gel Doc system (Hercules, California, USA).
Manure samples artificially inoculated with 10 5 CFUs of Pba, Pcc, Dsp, Rsol, Eam, Cms or Xcc were prepared for testing the efficacy of total DNA isolation and subsequent PCR reactions. All positive controls provided specific DNA amplicons under the applied conditions. Evaluation of bacterial growth dynamics in filtrates from animal manures. Cattle, horse, swine, sheep and chicken manures mixed from samples collected in different locations were diluted 1 : 3 in Ringers buffer (Sigma-Aldrich, St. Louis, USA) and incubated for 30 min with shaking (150 rpm) at room temperature. Then, the suspensions were sterilized by filtration using the following filters in a sequence: 5, 1.2, 0.8, 0.45, 0.22 µm Minisart SRP Syringe Filters (Sartorius, Goettingen, Germany). Obtained sterile manure suspensions were transferred to 24-well microplates (Sarstedt, Nuembrecht, Germany) and inoculated with 10 2 -10 3 CFUs of the following phytopathogens: Pba, Pcc, Rsol and Xcc. Bacterial growth curves were plotted on the basis of OD 580 measurements performed utilizing Victor 3 V Multilabel Plate Reader (Perkin Elmer, US) after 0, 18, 26 h of incubation (for Rsol and Xcc, the cultures were conducted up to 48 and 120 h, respectively, due to lower growth rate of these species). In order to provide controls, optimal media (Table 1) were inoculated with the investigated bacterial plant pathogens. Also, the change in absorbance at 580 nm of non-inoculated manure filtrates was measured. The whole procedure was repeated at least three times.
Evaluation of bacterial growth in sterilized semisolid animal manures. Cattle, horse, swine, sheep and chicken manures mixed from samples collected in different locations were diluted 1 : 3 in a Ringers buffer (Sigma-Aldrich) and incubated for 30 min with shaking (150 rpm) at room temperature. Then, the suspensions were autoclaved for 40 min at 121°C, 0.7 atm. Because of 2-3 unit decrease in the pH values of the autoclaved manure samples, NaOH was used to adjust the pH to the initial one (in the range of 6.8-7.9, depending on the sample). 100 ml of sterilized manure samples were inoculated with 1 ml containing 10 2 -10 3 CFUs of the following phytopathogens: Pba, Pcc, Rsol and Xcc. Bacterial cultures in investigated animal manures were incubated with shaking (150 rpm) at the optimal temperatures (Table 1). After incubation time lasting 0, 10, 18, 26, and 120 h, 100 µl of each culture was spread on plates containing optimal growth media (Table 1) . Colony forming units were counted or in the case of bacterial lawn, the growth was assessed visually in comparison to the controls.
Statistical analysis. The absorbance of cultures of the investigated bacterial phytopathogens in the animal manure filtrates was compared to the absorbance of the incubated manure samples alone by preferably utilizing unpaired t-tests at p<0.05. Shapiro-Wilk normality test was used to check whether collected sets of data follow the Gaussian distribution. Equality of variances between two populations was examined by the Levene's test. If certain dataset did not meet the t-test requirements, the Wilcoxon-Mann-Whitney test was used. Statistica 7 (StatSoft Inc., USA) software was used for performing all of the calculations.
RESULTS

Monitoring of manure samples for the presence of phytopathogens
49 Samples of animal manures were investigated for the presence of DNA of the following plant pathogenic bacteria: Cms, Dsol, Eam, Pba, Pcc, Rsol and Xcc. All of the tested manure samples, with no dependence on the geographical or animal origin of the fertilizer, were free of the above-listed pathogens (Supplementary Table  1 at www.actabp.pl).
Bacterial growth dynamics in filtrates from animal manures
The growth efficiency of bacterial phytopathogens in animal manure filtrates was examined. All tested plant pathogenic bacteria (Pcc, Pba, Rsol and Xcc) did not exhibit any growth in the filtrate of the poultry manure. However, as depicted in Table 2 , each of the investigated microorganisms did show difference in growth by a change in OD 580 , comprising in the range of 0.03-0.22 when cultured in the filtrates from cattle, horse, swine, and sheep manures for 26 h (48 h for Rsol, 120 h for Xcc). We observed some variability between species in the effectiveness of utilizing nutrients available in the filtrates of the studied manures. The growth of Pba and Pcc was the greatest in the filtrate of cattle manure. Rsol exhibited similar growth rate in the tested manure filtrates with slight preference for the horse one. In the terms of Xcc, this pathogen was using filtrate from horse manure the most efficiently, although the other manures, with the exception of the cattle one, supported its growth in a comparable manner.
Concerning growth dynamics in the analyzed filtrates of animal manures, Pba and Pcc started multiplying quite instantly after inoculation, with a notable exception of delayed and less efficient growth of Pcc in the filtrate of swine manure (Fig. 2 and Fig.  3 ). In the case of Rsol, we have observed a significant increase in the culture densities no sooner than after 16 h of incubation (Fig. 4) . Regarding Xcc, this bacterium exhibited a constant increase in growth in filtrates of cattle and sheep manures. On the other hand, the growth curves of Xcc showed noticeable steps at 18 h or 26 h post inoculation, in the case of horse or swine manure filtrates, respectively (Fig. 5) . 
Bacterial growth in sterilized animal manures
All of the tested phytopathogens (Pcc, Pba, Rsol and Xcc) did not grow in the autoclaved semi-solid poultry manure. Concerning semi-solid fertilizers of cattle, horse, swine and sheep origin, Rsol and Xcc exhibited a slower growth rate in these media than Pcc and Pba (Table 3) . The number of Pba CFUs was reduced in sheep manure in comparison to manures of other origin. Alike to what was observed for the growth of Pcc in the manure filtrates (Fig. 3) , this bacterium showed the highest increase in CFUs while cultured in the cattle manure, and the most delayed one in the swine manure (Table 3) . On the other hand, Rsol exhibited the most efficient growth in the horse manure, which is consistent with the data collected from manure filtrates (Fig. 4 and Table 3 ). As it was shown before, the growth rate of Rsol in cattle, swine and sheep semi-solid manures was very similar. In the case of Xcc, this pathogen utilized cattle and swine semi-solid manures less efficiently than the fertilizers of horse or sheep origin (Table 3) .
DISCUSSION
Organic manures have been widely used to supply plants with the essential elements like nitrogen, phosphorus, potassium, sodium, copper, zinc, calcium, selenium, manganese, sulphur, and magnesium (Reynolds, 2000) . Application of animal manures increases the fertility of the soil not only for one year, but for multiple growing seasons. Our study was aiming at answering the question whether plant pathogenic bacteria can also benefit from this rich source of available nutrients. So far, the environmental concerns focused on spreading human pathogens together with the dispersal of animal manures on the fields. The main reason for this is that farmyard animals are reservoirs of bacteria capable of causing zoonotic infections. It is worth to mention that several outbreaks of e. g. gastroenteritis could have been traced to the livestock operations (Pell, 1997) . The most frequently isolated human pathogens from cattle, poultry or swine manures include: Salmonella spp., Mycobacterium spp., Brucella spp., Leptospira spp., Chlamydia spp., Rickettsia spp., Klebsiella spp., Listeria monocytogenes, Yersinia enterocolitica, Escherichia coli, Bacillus anthracis, and Clostridium perfringens (Mawdsley et al., 1995) . To the best of our knowledge, there was no data up to now on the attempt to detect bacterial phytopathogens in manures or slurries of animal origin. Likewise, plant pathogenic bacteria causing diseases of high economic impact were not tested for their abilities to use animal wastes as the sources of nutrients.
No phytopathogens from the Cms, Dsp, Eam, Pba, Pcc, Rsol and Xcc species were detected by specific PCR reactions no matter what was the origin of the studied manure -cattle, sheep, horse, swine or poultry. The reason for that could be the impaired survival of ingested plant pathogenic bacteria within the livestock intestines. E. coli, a model microorganism from the Enterobacteriaceae family, can develop an extreme acidic resistance to low pH of the cattle gastrointestinal tract only when grown under mildly acidic conditions. It was reported that the elevated survival of this pathogen correlated with the change in feed supplementation with grain instead of hay (Diez-Gonzalez et al., 1998) . Cotta et al. evaluated the phylogenetic population structure of swine faeces and manure storage pits microflora by 16S rDNA sequencing. They did not detect any closely related species to plant pathogenic bacteria, and only the members of the following groups: Bacteroides, Sporomusa, Clostridium, Staphylococcus, Abiotrophia, Lactobacilli, Enterococcus, Streptococci, and Acholeplasma-anaeroplasma (Cotta et al., 2003) . Our findings might suggest that either plant pathogenic bacteria entering the gastrointestinal tract of farmyard animals do not survive in this harsh environment or are not competitive against the fixed constituents of the faecal microflora. As a next step, we decided to examine the growth of plant pathogenic bacteria -Pba, Pcc, Rsol and Xcc -in manure filtrates and semi-solid autoclaved manures collected from cattle, sheep, horse, swine and poultry.
In our study, we evaluated growth dynamics of the investigated plant pathogenic bacteria in filtrates of animal manures. We also measured the absorbance of noninoculated manure filtrates to exclude the impact of organic matter transformations on optical density within such chemically complex material. As reported for the solid phase of cattle manure, during a composting process lasting for 146 days, the loss of organic matter was above 50%, the C/N ratio decreased from 27.2 to 8.7, cation exchange capacity was 3-fold higher than the basal level, the amount of cellulose and hemicellulose was reduced to one third of the original level, while the total lignin increased from 19.9 to 30.9% (Chen et al., 1989) . So far, the capacity of plant pathogens to utilize natural fertilizers as the sources of nutrients was not stated, only the suppressive effect of composts originating from waste materials such as hardwood or pine bark, municipal sludge, licorice roots, grape marc or cattle manure on soil-borne fungal plant pathogens Pythium aphanidermatum, Pythium ultimum, Rhizoctonia solani, Fusarium oxysporum, Sclerotium rolfsii and Phytophthora cinnamomi was proven (Hadar & Mandelbaum, 1992) . However, the suppressive effect of composts results from the activity of antagonistic microorganisms that naturally recolonize this material in the course of the cooling process. Aiming for the evaluation of growth of bacterial pathogens in animal manures, we subjected the analyzed waste materials to the process of sterilization by filtration or autoclaving, which negated the biological suppression. Only phage particles could pass through the applied filters, but the presence of specific bacteriophages in investigated manure samples is quite unlikely. Bacteriophages are often targeting only certain subpopulation of bacteria belonging to one species and are highly susceptible to the environmental conditions, like UV radiation, temperature, pH, desiccation and applied pesticides such as copper bactericides (Iriarte et al., 2007) . However, no bacteriophages could survive autoclaving in the case of cultures conducted in the semi-solid manure fractions. On the other hand, high pressure and temperature, considered as a rough treatment, could possibly lead to the change and disruption of manure matrix and further contribute to the process of chemical organic matter transformations. The research presented here has shown that poultry manure does not support growth of plant pathogenic bacteria both in the manure filtrate and in the semi-solid autoclaved fraction. We suppose this is due to a higher pH and greater Ca, Mg, N, P, K contents (Agri Analysis Inc.) than in the bovine and swine manures. In addition, a crucial issue might be the inability of Pba, Pcc, Rsol, and Xcc to decompose uric acid, the major nitrogenous constituent in this organic fertilizer. It was shown previously that Corynebacterium, Nocardia, Streptomyces, Pseudomonas, Achromobacter and Alcaligenes are capable of decomposing urinic acid either to urea or ammonium and constitute the microflora of poultry litter being responsible for its high pH (Schefferle, 1965) . The other animal manures -cattle, horse, swine and sheep -including filtrates, as well as the semi-solid fractions, did support the growth of bacterial plant pathogens with the changes in the relative optical densities of filtrate cultures contained in the range of 0.03-0.22. Pba and Pcc started multiplying quite instantly after inoculation into all of the tested manure filtrates tested manure filtrates. Their growth was the most efficient in the filtrate of cattle manure. Rsol and Xcc showed delayed growth in comparison to the pectinolytic bacteria under all tested conditions, which is also observable in the regular laboratory-use microbiological media. Though the growth dynamics of the analyzed species in different organic fertilizers of animal origin (semi-solid and filtrates) is unequal, all of the investigated bacterial plant pathogens were proven to be able to use cattle, horse, swine and sheep manures as the sources of nutrients.
In conclusion, Cms, Dsp, Pba, Pcc, Rsol, Xcc and Eam were not detected in the collected cattle, horse, swine, chicken or sheep manure samples. All of the tested phytopathogens did not grow in the manure filtrates or the semi-solid manures of the poultry origin. Cattle, horse, swine and sheep manures, both filtrates and the semi-solid ones, were utilized by Pba, Pcc, Rsol, and Xcc as the nutrient sources.
